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ABSTRA CT

A necessary precursor to the h uman exploration of Mars is a con tin uously

op erating rob ot colon y that can function successfully o v er a p erio d of

y ears. Suc h a rob ot colon y w ould b e useful not only in increasing our

kno wledge ab out Mars, but also in pa ving the w a y for h uman exploration

b y deplo ying the infrastructure needed to supp ort h umans. F or these

rob ot colonies to b e successful o v er a long p erio d of time, they m ust

b e able to opp ortunistically adapt to their en vironmen t and the rob ot

colon y con�guration, resp onding reliably to the dynamic c hanges that

will inevitably o ccur o v er time. This pap er explores these issues in the

con text of rob ot colonies for the site pr ep ar ation task { a task iden ti�ed b y

NASA as an imp ortan t precursor to h uman missions to Mars. W e iden tify

the imp ortan t issues driving the need for opp ortunistic adaptation in site

preparation and describ e our planned approac h to addressing this task,

along with our planned rob ot exp erimen ts.

KEYW ORDS: Multi-rob ot teams, adaptation, rob ot colonies, space ap-

plications, site preparation.

INTR ODUCTION

A primary c hallenge in the successful deplo ymen t of rob otic colonies to other planets

and the mo on is the abilit y to con trol the distributed team of rob ots so that they

ac hiev e their mission e�ectiv ely and e�cien tly in the midst of highly unpredictable

and uncertain en vironmen ts. F or these rob ot colonies to b e successful o v er a long

p erio d of time, they m ust b e able to opp ortunistically adapt to their en vironmen t

and the rob ot colon y con�guration, resp onding reliably to the dynamic c hanges that

will inevitably o ccur o v er time, suc h as c hanges in the en vironmen t or incremen tal

v ariations in rob ot p erformance capabilities.

The abilit y to adapt to these t yp es of dynamic c hanges is esp ecially imp ortan t in

multi-r ob ot applications, since the e�ects of individual rob ot actions propagate across

the en tire colon y . A rob ot colon y with static capabilities will not b e able to con tin ually

ac hiev e its goals o v er time as the system of rob ots and the en vironmen t drifts further

and further from the original state. One imp ortan t consequence of dynamic c hanges

in lifelong m ulti-rob ot systems is that con tin uing drift in individual rob ot capabilities

�
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Figure 1: State diagram of complete mission to establish solar PV ten t arra y .

creates a team of heterogeneous rob ots, ev en if the original team w as designed to

b e homogeneous. Th us, mec hanisms for generating lifelong rob ot colonies m ust of

necessit y deal with the issue of heterogeneit y among rob ot team mem b ers.

F urthermore, the c hallenge is made more di�cult in applying rob ot teams to

missions that require the in teraction with, and alteration of the planetary surface.

One suc h mission is the site preparation task { an application iden ti�ed b y NASA as

an imp ortan t precursor mission for h uman exploration of Mars. Due to the limited

kno wledge of planetary surface conditions and their impacts up on engineered systems

(including rob ots), system designers cannot exp ect to b e able to fully predict the

v ariet y of circumstances or fault mo des that rob ot teams ma y exp erience. Th us, to

build rob ot teams that are surviv able in these harsh en vironmen ts, system designers

m ust pro vide rob ots with the abilit y to opp ortunistically adapt to the v ariet y of

dynamic c hanges they ma y exp erience.

In this article, w e describ e the issues in the site preparation task that require op-

p ortunistic adaptation in the rob ot team. W e describ e our form ulation of the problem

and our planned approac h to addressing this problem to ac hiev e opp ortunistic adap-

tation in the site preparation task.

THE SITE PREP ARA TION T ASK

T o ground the concepts dev elop ed for surviv able rob ot colonies, the site preparation

task has b een selected as a pro of-of-principle application domain. NASA has iden ti�ed

the site preparation task as an imp ortan t prerequisite for h uman missions to Mars

[3]. This task is also of in terest scien ti�cally to the rob otics �eld b ecause it requires

teams of rob ots to w ork together to ph ysically alter outdo or terrains. As noted b y

Hun tsb erger et al. in [2], the site preparation task has man y parallels with b o x

pushing { a task that has b een studied frequen tly in m ulti-rob ot systems researc h

(e.g., [7, 5, 1, 8 , 4]). Ho w ev er, the Martian site preparation task is more c hallenging,

b ecause it also requires the lev eling of soil. These previous researc h e�orts did not

address this di�cult asp ect of the site preparation task.

The site preparation task �ts within the larger con text of the need to deplo y PV

ten t arra ys in preparation for h uman missions to Mars. Figure 1 sho ws the series of

tasks that m ust b e undertak en to solv e this complete mission. First, a site m ust b e

selected for the PV ten t arra y . This is accomplished through an analysis of satellite

images and ground p enetrating radar b y NASA scien tists and engineers to select

the site that has a lo w densit y of ro c ks and partially buried ro c ks, and a relativ ely

lev el terrain. Once the site has b een selected the rob otic v ehicles are landed nearb y ,

follo w ed b y the initiation of site preparation. Once a p ortion of the site has b een



Figure 2: Illustration of site preparation task.

cleared, the task of transp orting the PV ten t arra ys to the site can b egin, follo w ed b y

PV ten t deplo ymen t. Site preparation, transp ort, and deplo ymen t can tak e place in

parallel or serially to incremen tally set up w orking PV ten t arra ys while further site

preparation is ongoing.

A sp eci�cation of the exact requiremen ts for site preparation is still an op en issue,

for whic h NASA has not pro vided sp eci�c guidance. Th us, w e ha v e analyzed this task

in ligh t of the planned needs for h uman presence on Mars, as w ell as the realities of

the planned rob otic systems a v ailable for Mars site preparation, and ha v e dev elop ed

the follo wing task analysis. Our solution and approac h to opp ortunistic adaptation

in this application domain is based up on this task analysis.

The site preparation task, illustrated in Figure 2, requires an area of appro xi-

mately 50m x 100m to b e cleared of ro c ks and obstructions and to b e lev eled (e.g.,

ditc hes �lled in) su�cien tly to allo w the solar PV ten t arra ys and the h uman habitat

to b e deplo y ed. W e assume that a map generated from satellite views and ground

p enetrating radar is a v ailable, along with appropriate analysis soft w are, to enable the

rob ot team to determine the burial depth of ro c ks in the area. W e assume that the

area iden ti�ed for site preparation can b e mark ed b y radio b eacons, or pseudolites,

whic h the rob ots can sense for p ositioning. W e further assume that the ro c ks to b e

remo v ed from the site can either b e pushed outside the area (lea ving a suitable path

in to and out of the area), or can b e pushed to a common collection p oin t. A n um b er

of constrain ts on an acceptable solution mak e the site preparation problem particu-

larly c hallenging and in teresting, and illustrate the need for opp ortunistic adaptation.

Sev eral of the most imp ortan t of these constrain ts are as follo ws:

� Limited team size: Due to practical pa yload limitations in launc hing sub-

systems from Earth, only a limited n um b er of rob ots ma y b e a v ailable for this

task { on the order of 4-5 rob ots, rather than dozens or h undreds. Th us, a

solution to the site preparation problem m ust enable the explicit co op eration

of a few mobile rob ots, rather than relying on the redundancy of large n um b ers

of rob ots and su�cien t mission execution time to generate robustness in simple

rob ots \for free".

� \Iceb erg" problem: Rob ots m ust b e able to handle the \iceb erg" problem,

in whic h p ortions of ro c ks visible at the surface ma y only b e a small fraction of

the total ro c k b o dy , most of whic h is buried underneath the ground.



� Limited rob ot p o w er: Rough estimates of p o w er requiremen ts for ro c k push-

ing indicate that rob ots will only ha v e ab out 1 hour of con tin uous op eration

b efore they m ust rec harge.

� Limited da yligh t: Based up on the exp ected battery c haracteristics and length

of Martian da ys at the landing site, rob ots are exp ected to ha v e appro ximately

6.5 hours of w ork time, ab out half of whic h will b e sp en t rec harging batteries.

Th us, the time eac h da y a v ailable for mission execution is quite limited.

� Heterogeneous rob ots: Due to in ten tional design or rob ot drift o v er time,

the rob ots a v ailable to p erform site preparation ma y di�er in capabilities. This

leads to the need for decision-making to ensure an appropriate mapping of

rob ots to tasks.

� Need for incremen tal progress: Due to uncertain ties in rob ot reliabilit y and

other unexp ected ev en ts, it is desirable to systematically increase the con tiguous

area that is cleared, rather than clearing small (but un usable) patc hes through-

out the 50m x 100m area. By con tin ually enlarging the area that is cleared, the

rob ots will mak e incremen tal progress to w ards the goal and generate at least

some usable area b efore p oten tial system failures prev en t further progress.

APPR O A CH TO SITE PREP ARA TION

Solution F orm ulation

The primary con trol issue in solving the site preparation problem is a con tin uous

determination of whic h actions individual rob ots should tak e throughout their mission

to accomplish the site preparation task under the ab o v e constrain ts. This problem

can b e form ulated as a global optimization problem. Ho w ev er, since complete global

information for the en tire task will nev er b e kno wn (due to unexp ected ev en ts in the

future, uncertain t y in sensing and action, and imprecise information regarding the

terrain), an optimal solution for the en tire mission cannot b e generated. Instead, an

optim um solution can b e attempted for the next time windo w, � t , during whic h w e

assume that the curren t conditions remain constan t. Th us, w e obtain the follo wing

function that should b e minimized at time t o v er the next � t time windo w:

f ( t; � t ) =
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length l , slop e s , and pushing e�ort p
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c ( t ) = cum ulativ e con tiguous area cleared at time t (de�ned as the

area suc h that (1) the densities of ro c ks ab o v e certain heigh ts in

that area are less than prede�ned amoun ts, and (2) the v ariation

in the area's terrain slop e is less than a prede�ned angle)
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( t ) = w eigh t on cum ulativ e area term (gro ws monotonically

as t increases)

This optimization function ensures that an increased emphasis is placed on gro w-

ing con tiguous cleared areas and that rob ots select tasks that increase the cleared



areas while still minimizing energy usage (e.g., a v oiding pushing ro c ks up hills, if

p ossible). Note that the energy function is unique for eac h rob ot, to allo w for het-

erogeneous rob ot capabilities. This function tak es in to accoun t all the problem con-

strain ts iden ti�ed in the previous section except the curren t battery life of the rob ot.

The rec harging b eha vior of the rob ot can easily b e made a separate b eha vior, when

assuming that it is b etter to ha v e a rob ot p erform pro ductiv e site preparation tasks

whenev er its battery is c harged.

T o minimize this function, a series of tasks m ust b e selected for eac h rob ot suc h

that the com bined energy usage for eac h rob ot to mo v e along a path of a giv en in-

tegrated length and slop e, and using a giv en in tegrated pushing e�ort is as small as

p ossible. The selection of tasks for eac h rob ot, ho w ev er, is not a trivial decision,

and m ust opp ortunistically adapt o v er time. This selection m ust tak e in to accoun t

a n um b er of issues, suc h as (1) the tradeo�s b et w een con tin uing a curren t task and

stopping to help another v ehicle, (2) the need to manage battery reserv e, (3) pro x-

imit y to other v ehicles, (4) giving up a task if y ou need help that is not pro vided,

(5) determining the next b est ro c k to mo v e, (6) determining tradeo�s b et w een ro c k

pushing and soil lev eling, and so forth. The computation of the energy function m ust

tak e all of these issues in to accoun t.

Incorp oration in to ALLIANCE

As a framew ork for con trol, this optimization function will b e mapp ed in to our

previously-dev elop ed ALLIANCE framew ork [6] to enable individual rob ot team mem-

b ers to e�cien tly and robustly select their actions throughout their mission, and to

adapt to dynamic ev en ts as they o ccur. The ALLIANCE framew ork is a b eha vior-

based, distributed con trol tec hnique that has b een demonstrated to enable rob ot team

mem b ers to automatically select appropriate actions ev en in the midst of sensor and

actuator uncertain ties, rob ot capabilit y drift, and v arying team comp ositions in a

p oten tially dynamic and uncertain en vironmen t.

Unlik e t ypical b eha vior-based approac hes, ALLIANCE delineates sev eral b eha vior

sets that are either activ e as a group or are hib ernating. Eac h b eha vior set of a rob ot

corresp onds to those lev els of comp etence required to p erform some high-lev el task-

ac hieving function. Because of the alternativ e goals that ma y b e pursued b y the

rob ots, the rob ots m ust ha v e some means of selecting the appropriate b eha vior set to

activ ate. This action selection is con trolled through the use of motiv ational b eha viors,

eac h of whic h con trols the activ ation of one b eha vior set. Due to con
icting goals,

only one b eha vior set is activ e at an y p oin t in time. Ho w ev er, other lo w er-lev el

comp etencies suc h as collision a v oidance ma y b e con tin ually activ e regardless of the

high-lev el goal the rob ot is curren tly pursuing.

The motiv ational b eha vior mec hanism is based up on the use of t w o mathematically-

mo deled motiv ations within eac h rob ot { impatience and acquiescence { to ac hiev e

adaptiv e action selection. Using the curren t rates of impatience and acquiescence,

as w ell as sensory feedbac k and kno wledge of other team mem b er activities, a moti-

v ational b eha vior computes a lev el of activ ation for its corresp onding b eha vior set.

Once the lev el of activ ation has crossed the threshold, the corresp onding b eha vior set

is activ ated, and the rob ot has selected an action. The motiv ations of impatience and

acquiescence allo w rob ots to tak e o v er tasks from other team mem b ers (i.e., b ecome

impatien t) if those team mem b ers do not demonstrate their abilit y { through their

e�ect on the w orld { to accomplish those tasks. Similarly , they allo w a rob ot to giv e

up its o wn curren t task (i.e., acquiesce) if its sensory feedbac k indicates that adequate

progress is not b eing made to accomplish that task.



Figure 3: Protot yp e sk etc h of ORNL/CESAR's \Emp eror" A TR V-mini rob ots, named Au-

gustus (\Auggie"), V espasian (\V espie"), Constan tine (\Connie"), and Theo dosius (\T ed").

Planned Exp erimen ts and Demonstrations

W e plan to implemen t our approac h to opp ortunistic adaptation in a pro of-of-

principle demonstration on ORNL/CESAR's

y

four \Emp eror" rob ots (sc heduled to

b e receiv ed in Marc h 2000). Sho wn in Figure 3, this team of A TR V-mini rob ots is

able to op erate in outdo or terrains for pro of-of-principle site preparation applications.

F or this pro ject, these v ehicles will b e mo di�ed to ha v e a simple blade a�xed to the

fron t of the rob ot to allo w ro c k and lo ose soil pushing.

SUMMAR Y

In this pap er, w e ha v e examined the site preparation task for rob ot colonies and ha v e

iden ti�ed the c hallenges that require opp ortunistic adaptation. W e ha v e form ulated

the problem in terms of an optimization function, and ha v e describ ed our planned ap-

proac h to incorp orating this function in to the ALLIANCE arc hitecture. Our planned

exp erimen ts will allo w us to test and re�ne our approac h to ac hieving opp ortunistic

adaptation in rob ot colonies in the site preparation domain.
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